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Å Objective: Development, validation, and field demonstration of a 
DER Management System (DERMS) with advanced sensor data 
and a novel adaptive control algorithm to enhance visibility and 
controllability of DERs in power distribution system.

Å Components:

Project Overview and Components

Å Platform Development
Å Algorithm Development
Å Monitoring and Control

Å Cost Benefit Analysis and Commercialization Plan Development

Å Hardware-in-the-Loop Testing
Å Pilot Demonstration in Riverside, CA
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Developed DERMS Platform

Field Sensors

Field Controls

PV Unit PV Unit .ŀǘǘŜǊȅ ¦ƴƛǘ   Χ

SCADA, Micro-PMUs, Sentient Line Current Sensors, 
Shark Meters, PV and Battery Inverter Meters, etc.

SGS
ANM
Strata

Application Container
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Á Advanced Monitoring based on Heterogeneous Measurements: The monitoring 
algorithms in this project utilize a heterogeneous set of legacyand advanced
sensor data, ranging from behind-the-meter DER sensors, both PVs and batteries, 
distribution-level PMUs, substation SCADA systems, and line current sensors, with 
their limited availability; in order to infer practical network conditions that 
otherwise would have to be computed from an often inaccurate models.

Á Advanced Model-Free, Layered, and Clustered DER Control: The DER control 
algorithms use the concept of Extremum Seeking(ES), which is a model-free
probing-based control method. To the best of our knowledge, this was the first 
time ES method is being tested on major real-world inverters; both individually
and in a cluster. The algorithm has been customized for the needs in this project. 

It was shown that even legacy equipment (when paired with a few additional 
advanced equipment) can support such advanced control.

Developed DERMS Platform
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Á Flexible Technology: The solution that is developed and demonstrated in this 
ǇǊƻƧŜŎǘ ƛǎ ƳƻŘǳƭŀǊ ŀƴŘ ŦƭŜȄƛōƭŜΤ ŀƴŘ ƛǎ ōŀǎŜŘ ƻƴ ǘƘŜ άDERMS+Appέ paradigm; it 
will be transformational to utilities, including the smaller municipal utilities, which 
may not have the resources to deploy advanced distribution system and DERMS 
solutions in order to support high penetration of solar power integration..

¢Ƙƛǎ ŦƭŜȄƛōƭŜ 59wa{ ŦǊŀƳŜǿƻǊƪ ǘƘŀǘ ǊŜǎŜƳōƭŜǎ ŀƴ άƻǇŜǊŀǘƛƴƎ ǎȅǎǘŜƳέΣ ƛΦŜΦΣ ǘƘŜ 
ANM framework, can host a range of algorithms that are developed on different 
platforms(e.g., MATLAB and Python) and interact with different hardware devices
(e.g., different PV and battery inverters, new and old, different types of sensors).

Utilities can customizetheir solution based on their needs and budget.

Developed DERMS Platform
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Å Purpose of HIL Testing: provide a laboratory environment that 
will test the response of physical hardware, communication 
system, and overall performance of the DER management system

Å Communications was done using DNP3 over TCP/IP

Å ANM Strata operated across several IT components
Å Beaglebones Black used to emulate 3 ANM Elements

Å Circuit emulation was done using the CYME models of the RPU 
Power Distribution Feeders 1224 and 1225
Å CYME model was developed by converting Synergimodel

Å Hardware:
Å ANM Elements
Å Eight PV inverters
Å S&C 5801 Switch Controller
Å IntelliCAPCapacitor Bank
Å Two PSL Micro-PMUs
Å Sentient Line Current Sensor
Å Raspberry PI to emulate switch, capacitor, breaker controllers
Å Total Physical Node Count: 105.
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10x

Å Scaling up to 10,000 nodes: 
Å It was achieved by expanding the existing setup to 

1000 Nodes and then multiplying the setup 10 times.

Å Expansion/scaling was achieved using virtual nodes

Å A virtual node is either a sensor point or a control point.
Å A PV virtual inverter is both senor and control points

Å Within the base circuit model there are 55 loads
Å Each load was given either 5 or 10 virtual PV inverter 

elements (based on size) to achieve 1000 Nodes

Å Scaling AMN Strata required scripting and automation to 
streamline the manual process
Å Docker was used to create 1000 DNP channels 
Å Mapping of the application points was 

automated using C# scripts.

HIL Testing ςScaling Up
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Å Selected use cases were tested on HIL testing platform:

Distribution System State Estimation: 

Volt/VAR Control: 

ÅDifferent Scenarios: varying PV weather and load profiles
Å9ŀŎƘ ǎŎŜƴŀǊƛƻ ǘŀƪŜǎ ŀǊƻǳƴŘ муу ǎŜŎƻƴŘǎ όоΩлуέύ ǘƻ run.
ÅBinary output files showed the results.

Topology Reconfiguration:

The platform, communications, and all applications ran successfully.

Network Model Voltage 
Trajectories

ÅHeterogeneous measurements are used: Micro-PMUs, line 
sensors, SCADA, pseudo-measurements, etc.

ÅDifferent Scenarios: 
Å load level, PV generation, capacitor bank switching.

HIL Testing ςSample Results
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Å Three Substations and 10 Feeders 

Å All applications were tested on Feeder 1224.

Å At least one application is tested on every other Feeder.
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Å Utilizing Heterogeneous Measurements: SCADA, Micro-PMUs, Switches 
Status, Sentient Line Current Sensors (non-contact), DER Inverter Sensors. 

Distribution System State Estimation (DSSE)

- First Time Such Application
- Challenging Formulation

- Compensate for Missing Data 
- Impact of Load Transformer Turn Ratio

(Regression Model)
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Highlight of Monitoring Algorithms
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Å Utilizing Heterogeneous Measurements: SCADA, Micro-PMUs, Switches 
Status, Sentient Line Current Sensors (non-contact), DER Inverter Sensors. 

Distribution System State Estimation (DSSE)
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Compensation of Missing Micro-PMU Data by DER Inverter Data

Highlight of Monitoring Algorithms
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Å Accuracy of Utility Models and Sensitivity Analysis:

Distribution System State Estimation (DSSE)

Average of Error in DSSE

Month All Day
Weekday

Weekend
Day Night

May 0.46 0.38 0.47 0.53
June 0.35 0.26 0.36 0.45
July 0.27 0.25 0.30 0.32

Early COVID-19 Shut Down

Utility Models Better Fit 
High Loading Conditions

Highlight of Monitoring Algorithms
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Phase Identification (PI)

b

BA C

b

BA C

b

BA C

a c a c a c b

BA C

b

BA C

a c a c b

BA C

a c

(1) (2) (3) (4) (5) (6)

0.9289 0.9286 0.9751

Correlation-Based Methods SometimesWork Fine. 

Highlight of Monitoring Algorithms
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Å New Method based on Reliability Assessment.

Phase Identification (PI)

Standard Method New Method

Standard Method
New MethodHigh-level Idea: Break down the day into 

several smaller time slots. Use two data-
driven Reliability Criteriato select only  
the most reliable chunks of dataon each day 
to solve the phase identification problem.

Highlight of Monitoring Algorithms

Enhancement
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Å Different deep neural network models were examined: Recurrent Neural Network 

(RNN), Long Short-Term Memory (LSTM), and Gated Recurrent Unit (GRU).

Å Challenge: Some PV units were installed recently (limited historical data).

Resource Forecasting (RF)

Worked best on various PV units.

Proxy Method

Historical Data 
- NewPV Unit

Historical Data 
- OldPV Unit RF

Models
Proxy Site: 2 Miles Away (Different Feeders)

New PV Sites LSTM without Proxy LSTM with Proxy
Lot 30 17.67% 12.55%
Lot 32 15.80% 11.04%

Accuracy (%nRMSE)

Highlight of Monitoring Algorithms



Funded by:

This presentation may have proprietary information and is protected from public release.

Funded by:

Å Different deep neural network models were examined: Recurrent Neural Network 

(RNN), Long Short-Term Memory (LSTM), and Gated Recurrent Unit (GRU).

Å Another Challenge: Unusual change in weather conditions (example: a 
highly cloudy day after a series of mostly sunny days).

Resource Forecasting (RF)

Use Satellite Data for Weather and Irradiance Forecast (API from solcast)

- Global Horizontal Irradiance
- Cloud Level
- Temperature 

PV Site: Building 1200 (average nRMSE= 12.47%)

Method Accuracy (%of nRMSE< 30%)
Without API 97.6%
With API 100%

Highlight of Monitoring Algorithms
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Å Voltage management accomplished through Extremum Seeking (ES) Control

Å Advantages:

Å Model-free, input-output based approach 

Å Very communication light 

Å Scalable distributed optimal control

Å Minimize any convex objective

Å Controllers can be objective agnostic

Å The ES Control Process:

Å ESC resource perturbs its output (P and/or Q) with a sinusoidal signal 

Å A central entity composes an objective off system measurements

Å Objective is broadcast to all ESC resources

Å DERs independently identify their gradient on the objective and perform gradient descent

Highlight of Control Algorithms
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Å Each ES Controller includes:

Å A high-pass filter

Å Demodulation 

Å Low-pass filter

Å An integrator

Å Addition of the probing sinusoid

Å The ES Control Considerations:
Å The speed of convergence is related to the frequency of the probing signal.

Å The neighborhood of the optimal objective is also influenced by both the probe 
frequency and amplitude, as well as the integrator gain.

Å In field testing, the inverter hardware available for demonstration limited 
probing frequency and forced management through purely real power.

Voltage Control Approach
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Å Demonstrations performed on 3 PV units and 1 Battery trailer connected 
to two RPU feeders (1224 and 1225) under Hunter substation.

Å Objective was to drive voltages measured at the inverter or at the 
building towards a target value (the set point).

Å 13 tests performed from January to July. 
Å 4-6 hours long

Å Voltage targets between 284 and 290V L-N

Å 11 tests on individual DER control; 2 tests on coordinated DER cluster control.

Å 3 tests performed with battery system mimicking PV output

Å 3 Tests are selected here to highlight the voltage control results.

Voltage Control ςSelected Results 
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Å Test #3: January 29th, PV Inverter connected to Feeder 1224
Å Inverter Voltage Target: 290V L-N

ÅESC drives the system toward maximum power

ÅCurtails to ensure probing during cloudy weather

ÅAs power increases, so does local voltage

ÅCorrespondingly, the value of the objective is driven 
toward zero (i.e., the goal of the gradient-descent).

Voltage Control ςSelected Results 


